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M aintenance of sagittal and coronal balance has been the cornerstone radiological outcomes of adult scoliosis surgery. 12 While traditional open methods have been effective in achieving these outcomes, 25 open methods have been historically associated with high-volume blood loss 19, 23 and relatively high rates of medical complications. Complications have been reported as occurring in as many as 70% of adult patients undergoing open deformity correction. 6 Given this, minimally invasive methods of correction, with reduced blood loss and reduced complication rates, may be a useful alternative to open scoliosis correction in selected patients. 2, 4 Questions have arisen, however, regarding the radiological correction achieved with minimally invasive scoliosis techniques, specifically with regard to pelvic parameters and other traditionally reported radiological outcomes. 20 Limited data exist regarding how effective these methods are in establishing optimal spinopelvic balance. Additionally, few studies exist regarding the maximum ability to correct coronal deformity via these techniques. This study serves to answer some of the questions as to how effective minimally invasive scoliosis surgery is for correction of sagittal plane deformity and correction of coronal plane deformity, as well as how effective it is in restoring ideal spinopelvic balance parameters.
Methods
A review of a database of 187 cases involving patients who underwent circumferential minimally invasive surgical (cMIS) treatment for thoracolumbar disorders Object. Minimally invasive correction of adult scoliosis is a surgical method increasing in popularity. Limited data exist, however, as to how effective these methodologies are in achieving coronal plane and sagittal plane correction in addition to improving spinopelvic parameters. This study serves to quantify how much correction is possible with present circumferential minimally invasive surgical (cMIS) methods.
Methods. Ninety patients were selected from a database of 187 patients who underwent cMIS scoliosis correction. All patients had a Cobb angle greater than 15°, 3 or more levels fused, and availability of preoperative and postoperative 36-inch standing radiographs. The mean duration of follow-up was 37 months. Preoperative and postoperative Cobb angle, sagittal vertical axis (SVA), coronal balance, lumbar lordosis (LL), and pelvic incidence (PI) were measured. Scatter plots were performed comparing the pre-and postoperative radiological parameters to calculate ceiling effects for SVA correction, Cobb angle correction, and PI-LL mismatch correction.
Results. The mean preoperative SVA value was 60 mm (range 11.5-151 mm); the mean postoperative value was 31 mm (range 0-84 mm). The maximum SVA correction achieved with cMIS techniques in any of the cases was 89 mm. In terms of coronal Cobb angle, a mean correction of 61% was noted, with a mean preoperative value of 35.8° (range 15°-74.7°) and a mean postoperative value of 13.9° (range 0°-32.5°). A ceiling effect for Cobb angle correction was noted at 42°. The ability to correct the PI-LL mismatch to 10° was limited to cases in which the preoperative PI-LL mismatch was 38° or less.
Conclusions. Circumferential MIS techniques as currently used for the treatment of adult scoliosis have limitations in terms of their ability to achieve SVA correction and lumbar lordosis. When the preoperative SVA is greater than 100 mm and a substantial amount of lumbar lordosis is needed, as determined by spinopelvic parameter calculations, surgeons should consider osteotomies or other techniques that may achieve more lordosis. between January 2007 and May 2012 identified 132 patients treated for adult spinal deformity (adult scoliosis). Of these 132 patients, 98 had a Cobb angle greater than 15° and had 3 or more levels fused. Of these 98 patients, 90 had available preoperative and postoperative 36-inch standing radiographs including the hips and had not undergone any kind of osteotomy or facet resection. These 90 patients constitute the study group for the present study.
All patients underwent a combination of one or more minimally invasive strategies. These included a direct lateral transpsoas approach to the lumbar spine with interbody fusion. Additionally, when fusion was performed to the sacrum, transsacral Axial Lumbar Interbody Fusion (AxiaLIF) fixation was used at L5-S1. All patients also underwent minimally invasive posterior spinal fusion with percutaneous pedicle screw and rod placement, as described elsewhere. 5 The minimally invasive strategies used and the levels treated are detailed in Table 1 . The study group included 59 women and 31 men. Their mean age was 63.5 years (range 21-85 years). The mean number of surgically treated levels was 6.3 (range 3-15 levels), and the mean duration of follow-up was 40 months (range 7-79 months). All patients were flexible or stiff as described by Silva and Lenke. 22 No patient had a rigid fused spine.
Preoperative and postoperative Cobb angle, sagittal vertical axis (SVA), coronal balance, pelvic incidence (PI), and PI-lumbar lordosis (LL) mismatch were measured by using computerized software on 36-inch standing radiographs, using measurement definitions and methodologies as described by O'Brien et al. 15 Scatter plots were created for comparison of pre-and postoperative radiological parameters. Table 2 shows preoperative and postoperative radiographic parameters. The mean preoperative SVA value was 60 mm (range 11.5-151 mm), and the mean postoperative value was 31 mm (0 to 84 mm). In general, correction of the SVA to the normal range (0-50 mm 17 ) could only be achieved in patients with a preoperative SVA of 100 mm or less ( Fig. 1) . A ceiling effect for correction of the SVA was also noted (Fig. 2) . The maximum SVA correction achieved with cMIS techniques in any of the cases analyzed was 89 mm. In terms of coronal Cobb angles, a mean correction of 62% was noted; the mean preoperative value was 35.8° (range 15°-74.7°), and the mean postoperative value was 13.9° (range 0°-32.5°). A ceiling effect for Cobb angle correction was noted at 42° (Fig. 3) .
Results
Ideal spinopelvic balance is established when the pelvic incidence is equal to lumbar lordosis ± 10°. 17 Figure  4 shows preoperative PI-LL mismatch versus postoperative PI-LL mismatch. With present-day cMIS strategies the ability to correct the PI-LL mismatch to 10° was limited to cases in which the preoperative PI-LL mismatch was 38° or less.
In terms of clinical outcomes there was a distinct trend toward better functional outcomes when the postoperative SVA was less than 50 mm (Table 3) . Three patients needed hardware revision surgery because of misplaced screws or hardware prominence, and 5 patients had a pseudarthrosis at L5-S1 (all 5 had AxiaLIF at that level) (Table 4) .
Discussion
Over the last several years, numerous publications have reported on health-related quality of life outcomes with re- Nevertheless, there are limited data regarding radiographic evaluation. 3, 7, 13, 21 Specifically, there has been an absence of analysis with respect to SVA, pelvic tilt, and the relationship between lumbar lordosis and pelvic incidence. 20 Schwab et al. delineated the importance of the pelvis when considering the spine in terms of balance and alignment. 16 They noted in their validation of the Scoliosis Research Society adult spinal deformity classification the importance of including spinopelvic parameters such as SVA, pelvic tilt, and the relationship between pelvic incidence and lumbar lordosis expressed as pelvic incidence minus lumbar lordosis in surgical planning. 17 Because abnormalities of these parameters have been shown to have a high correlation with pain and disability, they should be considered when proposing deformity correction and realignment procedures. 14, 18 In the Scoliosis Research Society-Schwab adult spinal deformity classification validation study, the authors use a radiographic parameter of pelvic incidence minus lumbar lordosis within 10° as their baseline sagittal modifier. Additionally, pelvic tilt of less than 20° is considered optimal as is SVA of less than 4.7 cm. These parameters set the stage in determining how much lordosis and correction to achieve during realignment procedures. 17 Additionally, the coronal Cobb angle is important in the correction of adult scoliosis, although it may be a less important outcome than sagittal balance. 10, 11 Yadla et al. noted major curve correction to be a mean of 26.6° for 2129 patients. Additionally, average curve reduction was noted to be 40.7%. 25 In the present study, our value, achieved with cMIS correction of scoliosis, was 62%. Nevertheless, using cMIS techniques, we noted a ceiling effect for Cobb angle correction of 42°. This has implications, as curves larger than 80° may not be appropriate for treatment using current cMIS strategies. Of course, our scatter plot was derived from studying curves largely between 20° and 80°, and thus, extrapolating this for numbers beyond 70° or 80° may not be applicable.
Sagittal plane alignment has been noted as a critical parameter for outcomes in the setting of adult spinal deformity. 10, 11, 16 Our data show a ceiling effect for sagittal vertical axis correction of 89 mm. Additionally, we found that in general, in order to correct the SVA to the normal range of 50 mm or less with cMIS techniques, the preoperative SVA had to be 100 mm or less. We noted improved VAS and Oswestry Disability Index scores when the postoperative SVA was less than 50 mm compared with postoperative SVA greater than 50 mm ( Table 3) . The implication here is that other techniques may be necessary to achieve optimal sagittal alignment in cases of greater than 100 mm positive sagittal balance (Fig. 5) . Other techniques such as minimally invasive anterior longitudinal ligament release, 9 anterior lumbar interbody fusion (ALIF) at L5-S1, or posterior column osteotomies may afford increased lordosis, and thus, better result in correction of the SVA. In terms of achieving a postoperative pelvic incidence minus lumbar lordosis parameter within 10 mm, we noted a PI-LL mismatch of 38° on average to be the maximum value of preoperative mismatch that could be corrected using our described minimally invasive techniques. Once again, the implication is that mismatches of greater than 38° to 40° may require other techniques to achieve appropriate lordosis.
Some of the limitations observed in our series may be inherent to the techniques used in the lateral transpsoas approach. Acosta et al. reviewed the records of 36 patients treated with minimally invasive direct lateral interbody fusion 1 and reported that it did not improve regional lumbar lordosis. On average, however, 1.8 levels were treated per patient. The authors reported that transpsoas interbody fusion improved segmental regional and global coronal plane alignment. They noted, however, that regional lordosis and global sagittal alignment were not improved by these techniques. Similar, Sharma et al. noted a mean gain of 2.8° in lordosis at each level treated this way, but no significant change in the overall coronal or sagittal alignment. 21 Johnson et al. reported pelvic parameters and sagittal balance in patients undergoing these techniques for lumbar degenerative conditions. 13 There were heterogeneous methods of fixation used in their series; 6 patients underwent posterior supplemental fixation, and 3 underwent intraspinous process device fixation. The authors thought that the lateral transpsoas interbody fusion did not affect lordosis, but noted the Cobb angle in the anterior-posterior plane to be significantly reduced. These studies, however, typically involve use of the lateral transpsoas approach for short-segment deformity correction. Additionally, with these studies, anterior column placement of the interbody device to maximize lordosis, rod contouring, and deformity reduction techniques were not emphasized. Transpsoas techniques have continued to evolve. At the start of these studies, interbody devices typically had about a 6° maximum lordosis. Now there are hyperlordotic cages, such as 12° and 15° devices, available. These may allow surgical creation of more lordosis. Finally, recent techniques involving an anterior longitudinal ligament release may allow for even more lordosis creation. 9 The use of the transsacral AxiaLIF technique may also have limited our ability to gain maximal lordosis at L5-S1, especially in patients with significant positive sagittal balance. We traditionally have used the AxiaLIF for interbody fixation rather than to achieve lordosis. When lordosis is desired at L5-S1 to correct sagittal parameters, a lordotic ALIF device may be desirable and has been our preference over the last 2 years.
Conclusions
Circumferential minimally invasive scoliosis treatment techniques as currently used have limitations in terms of their ability to achieve SVA correction and lumbar lordosis. When the preoperative SVA is greater than 100 mm and a substantial amount of lumbar lordosis is needed, as determined by using spinopelvic parameter calculations, surgeons should consider osteotomies or other techniques that may achieve more lordosis.
The release of the anterior longitudinal ligament in direct lateral minimally invasive techniques may allow for even more substantial correction at each level treated this way. Similarly, hyperlordotic cages with appropriate anterior column positioning may allow for increased lordosis using the standard technique. Future directions may entail a combination of hyperlordotic ALIF cages at L5-S1, newer minimally invasive direct lateral techniques, and, when extreme correction is needed, a hybrid procedure involving posterior column osteotomies in addition to minimally invasive direct lateral techniques. We have applied protocols over the last 2 years and they are the subject of a future study.
Spinopelvic parameters are critical in the formulation of a surgical plan for the treatment of adult scoliosis. When a scoliotic curve is addressed using minimally invasive techniques, appropriate planning is essential, and a judicious use of minimally invasive strategies should be undertaken depending on the degree of deformity present. no. of cases of pseudarthrosis at L5-S1* 5 revision anterior-posterior fusion &/or extension to pelvis no. of cases of pseudarthrosis above L5-S1 2 posterior reinstrumentation & fusion total no. of pseudarthrosis (%) 7 (7.78) total no. of patients w/ pseudarthrosis (%) 7 (7.78) * An AxiaLIF procedure had been performed in all of these cases. 
